SUMMARY
Anaesthesia for neurosurgery in the sitting position presents a number of challenges. Although some neurosurgeons perform surgery in the sitting position commonly, most neuroanaesthetists are presented with these challenges only sporadically. The approach was controversial in 1821, when Magendie published the first report of intraoperative air embolus in a patient having excision of a neck tumour 1 , and still is today. This paper deals with some of the problems specific to anaesthesia in the sitting position, in particular venous air embolism.
SURGICAL INDICATIONS
Surgical indications will vary considerably from one surgeon to another depending on the enthusiasm for or dread of the position. Most neurosurgeons agree that high midline, posterior fossa procedures are often best dealt with in the sitting position (i.e. sitting up). In general today, upper cervical procedures are seldom carried out sitting up, except by real enthusiasts. It is important when making a decision as to whether a patient is to be sat up for surgery that all relevant factors are considered:
• risks vs benefits, • absence of absolute contraindication, • level of comfort, both with the procedure, and with each other, for the surgeon and anaesthetist, so that concerns can be communicated freely and promptly before and during surgery. Tables 1 and 2 list the advantages and potential complications of the sitting position. Table 3 lists the contraindications to sitting a patient up for surgery.
PATHOPHYSIOLOGY OF VENOUS AIR EMBOLISM
In the sitting position, venous pressure at the surgical wound level is often negative. This means that there is potential for air to be sucked in, especially if veins are held open (e.g. by dura, bone, etc). The reported incidence of venous air embolism (VAE) has varied in different series, depending on multiple factors 2 . The most important determinant is the sensitivity of monitoring. Before trans-oesophageal echocardiography (TOE) was available, the quoted incidence of VAE was in the order of 40% 3 . With TOE, it appears that the true incidence may be closer to 70% 4 . Obviously, TOE will detect many small VAEs of little clinical significance. The incidence of VAE may also be affected by the height of the surgical site above the heart. The higher the operative site, the greater the negative venous pressure, with a greater likelihood for VAE. So, with cranial procedures, the incidence of VAE is greater, and the size of the emboli are larger than with cervical operations 5 . Local factors, however, such as the presence of venous plexuses, may be equally important.
Air sucked into the venous system may follow any of four paths ( Figure 1 ).
(1) CLASSIC VENOUS AIR EMBOLISM
Here the air goes through to the right atrium (RA), right ventricle (RV), and into the pulmonary circulation. This air in the pulmonary circulation causes an increase in pulmonary artery pressure. This is due firstly to obstruction of the pulmonary arterioles, and secondly to reflex pulmonary vasoconstriction 6 . The increased pulmonary arterial pressure leads to increased right ventricular end diastolic pressure and increased right atrial pressure. Left atrial pressure may remain the same or fall slightly. Obstruction of the pulmonary circulation results in an increase in dead space. Thus, end-tidal carbon dioxide (ETCO 2 ) falls, and arterial PCO 2 rises. With resolution of VAE, the ETCO 2 returns to normal, often with an overshoot due to the raised arterial PCO 2 .
Air in the pulmonary circulation traverses the alveolar-capillary membrane and is then slowly excreted in expired gas. This results in an increase in end tidal nitrogen, which can be detected with a mass spectrometer 2 . Air in the pulmonary circulation also causes the release of numerous vasoactive mediators, setting up a cascade of events not dissimilar to a reperfusion injury. Neutrophils sequestrated in the pulmonary capillary bed release thromboxane and leukotrienes, which increase alveolar-capillary permeability, resulting in oedema and a dose-dependent inactivation of surfactant 7 . So large VAEs also result in an increase in pulmonary shunt. If a low inspired oxygen concentration is being used, a reduction in oxygen saturation may occur 8 . Large or unrecognised or prolonged VAEs may result not only in interstitial oedema, but also in frank pulmonary oedema 9, 10 12 . This is easily recognised using TOE, which shows the inter-atrial septum moving back and forth from right to left during the ventilatory cycle. e. Positive pressure ventilation and use of positive end expiratory pressure (PEEP); usually these cause equal increases in right atrial pressure and left atrial pressure 13 . However, after release of PEEP, there is a transient right to left atrial pressure gradient. This phenomenon is made use of during testing for a patent foramen ovale with contrast echocardiography.
(3) AIR COLLECTION
In the superior vena cava, the tendency of bubbles to float in a vertical column of blood is counteracted by the blood flow towards the heart. The larger the bubbles the greater the tendency to float. As bubbles coalesce, a point is reached when the tendency to float equals the blood flow, and air collection can occur. The most common site for this to occur is the superior vena cava and right atrial junction 14 . Again, this phenomenon can be recognised by TOE. It is important to appreciate that this air collection may remain for hours if not aspirated, and can be displaced by patient movement, coughing or other respiratory changes, or by major cardiovascular changes 15 . It is therefore essential that all monitoring for VAE be maintained until after return to the supine position. It has been well documented that the best site for air aspiration is the superior vena cavaright atrial junction, and TOE has confirmed this. Many methods have been devised to position the tip of an aspirating catheter in this area (see later discussion of air aspiration).
(4) TRANSPULMONARY PASSAGE OF AIR.
Occasionally it may be possible to find air in the systemic circulation following VAE, even when there is no patent foramen ovale or other pulmonarysystemic shunt. Under certain conditions, air may pass through lung capillaries and reach the pulmonary veins 7 . The lung is a very good filter of air, and only when it is overloaded do gas bubbles appear on the systemic side of the circulation. Transpulmonary passage of air during VAE is probably a rare clinical event.
GRADING OF VENOUS AIR EMBOLISM
Traditionally, the grading of VAE has been according to volume or rate of air entrainment. However, because of the different pathways that the air may follow, clinical outcome may bear little relationship to these gradings. In the operating theatre, VAEs are best graded according to monitor detection and physiological changes as per the following guide: a. Small Venous Air Embolism (less than 10 ml). These are detected with precordial Doppler or TOE.
There are no changes in end-tidal CO 2 , oxygen saturation (SaO 2 ) or pulmonary arterial pressure. Usually, heart rate and systemic blood pressure do not change. The surgeon should be warned, and a search for the site of entry should be undertaken. Small air emboli are of little clinical significance, but they may be a warning of larger ones to come. Vigilance should thus be maintained. b. Moderate Venous Air Embolism (10-50 ml). In addition to detection by precordial Doppler and TOE, there is a fall in end-tidal CO 2 , and a rise in pulmonary arterial pressure. This is usually accompanied by a sympathetic response, and heart rate and systemic blood pressure often increase. Again, the surgeon should be warned. Surgery must not continue until the VAE has cleared. c. Large Venous Air Embolism (greater than 50 ml) 16 . Major changes are detected on all monitors. Dysrhythmias, tachycardia, bradycardia, hypotension, right ventricular failure and cardiac arrest may all occur. Resuscitation is required, and subsequent abandonment of the surgery con-sidered if a recurrence of the VAE cannot be ensured.
MONITORING
Because of the risk of VAE, the sitting position demands extra monitoring. In addition to "routine" neuroanaesthesia monitoring, such as ECG, direct arterial blood pressure, ETCO 2 , SaO 2 , spirometry, end-tidal volatile agent, temperature and arterial blood gases, additional specific monitoring is required. Whilst many of these routine monitors are useful in diagnosing and assessing larger emboli, use of one or more of the following additional monitoring techniques increases the likelihood of embolus detection:
This was the mainstay for the diagnosis of VAE for many years. It is still widely used if TOE is not available. The Doppler probe is placed at the superior vena cava-right atrial junction on the chest wall, which corresponds with the third or fourth intercostal space just to the right of the sternum. Usually probe positioning is performed after the patient has been settled in the sitting position. The probe is secured by taping it at the site where heart sounds are best heard. In 20 to 30% of patients, adequate sounds are not obtained on the right side of the sternum, and the probe is then placed on the left side, where it is not specific for air coming down the superior vena cava. Appropriate placement can be checked by the injection of a few millilitres of saline or CO 2 , which should cause detectable changes in sound [17] [18] [19] . The main advantage of the precordial Doppler is its high sensitivity (small emboli can be detected) 20 . It is also non-invasive. There are, however, two serious disadvantages. Firstly, it is subjective. Since the technique relies on the anaesthetist detecting changes in sound, episodes of VAE can potentially be missed. Also, continuous embolism is easily missed, as the ear detects changes in sound more readily than an "abnormal" sound. Secondly, diathermy interference is a serious problem, as it often occurs at times when emboli are most likely.
(2) End-tidal CO 2 As mentioned earlier, venous air embolism results in a decrease in ETCO 2 . Thus capnography is a very useful monitor during sitting position neurosurgery. It is, however, not as sensitive as the precordial Doppler or echocardiography 20 . Venous air embolism detected by capnography is always significant. As ETCO 2 monitoring is used routinely during anaesthesia, no extra cost is involved. It is also noninvasive, and offers continuous objective monitoring.
(3) Pulmonary Artery Catheter
Venous air embolism results in an increase in pulmonary arterial pressure. Capnography and pulmonary arterial pressure monitoring have similar sensitivities for venous air embolism diagnosis. Pulmonary artery catheterization is an invasive procedure. Despite the fact that the catheter passes through the right atrium, it is of no use for air aspiration. As with capnography, monitoring is continuous and objective. In addition, the pressure gradient between the left and right atria may help in assessing the risk of paradoxical air embolism 2 .
(4) Air Aspiration via a Central Vein Catheter
If a central vein catheter is present and appropriately positioned, then aspiration of air will confirm venous air embolism. The use of an aspirating catheter is described below.
(5) Mass Spectrometry
Measurement of end tidal nitrogen can be useful in diagnosing venous air embolism. However most anaesthetic departments do not have this facility.
(6) Transoesophageal Echocardiography
This is now the gold standard for venous air embolism monitoring. Intra-operative TOE has been used for patients in the sitting position since 1983 [21] [22] [23] . However, it is still not used routinely because of lack of equipment or operator inexperience. The sensitivity of TOE for venous air embolism detection is higher than that of any other monitor 20 . Many of the venous air emboli seen are small and would have been missed otherwise. Although these may not be of clinical significance, their detection is useful as they may be a warning for the occurrence of larger VAEs. Papadopoulos et al reported a VAE incidence of 76% using TOE 4 . TOE is also useful for: a. Detection of a patent foramen ovale or other possible pulmonary-systemic shunt before placing the patient in the sitting position. The author's practice is to introduce the TOE probe after endotracheal intubation, and to do a full examination. In particular, the inter-atrial septum is interrogated, with contrast echocardiography (microbubbles) and colour Doppler being used to look for a patent foramen ovale. This is done during release of a Valsalva manoeuvre, which is the time when right to left flow is most likely 24 . The decision to proceed with the sitting position is made subsequent to this. b. Diagnosis of venous air embolism. The TOE probe is usually positioned for a bi-caval view. During venous air embolism, bubbles of air can be seen coming down the superior vena cava. They may be seen passing through the right atrium or accumulating at the superior vena cava-right atrial junction. TOE therefore offers very sensitive and objective monitoring of venous air embolism; it also gives information about the size of the embolus and whether it is ongoing. Rapid intravenous infusion, however, can be confused with venous air embolism, but differentiation is easily done by slowing the infusion. c. Diagnosis of paradoxical air embolism. Visual observation of air appearing in the left atrium is by far the best way of confirming paradoxical air embolism. Unfortunately, intraoperative TOE is not available in all centres. It is expensive, and requires operator expertise. There are also reports of laryngeal and oral trauma attributed to the use of the TOE probe 21 . This is more likely when neck flexion is marked, or when the duration of surgery is long. Such trauma, however, has also been reported in the sitting position when the TOE probe has not been used 25 . In general, excessive neck flexion should be avoided, and perhaps TOE should not be used for surgery of prolonged duration.
(7) Pulse Oximetry
A fall in SaO 2 may confirm VAE, but may not occur despite VAE if high inspired oxygen concentrations are being used. Increased shunt occurs quite early during VAE, so that the inspired oxygen should be increased early in the management of VAE 7 .
(8) Arterial Blood Gas Analysis
This may be useful in confirming VAE in equivocal cases. An increase in arterial PCO 2 and a reduction in arterial PO 2 , associated with no change in ventilation, may be due to VAE.
The use of adequate monitoring during sitting position neurosurgery is essential, and cannot be overemphasised. However, good monitoring alone is insufficient. Importantly, strategies to decrease the probability of venous air embolism occurring must be instituted.
REDUCTION IN VAE INCIDENCE
Various manoeuvres have been used to reduce the incidence of VAE in sitting position neurosurgery:
This results in a reduction in negative venous pressure at wound level and therefore a reduction in incidence and volume of VAE 26 . Volume loading is best achieved with a colloid so that the intravascular volume is maintained higher for a longer period. The author's practice is to routinely give 10 ml/kg of 4% albumin prior to sitting the patient up.
(b) Use of Neck Tourniquet
As mentioned earlier, the use of PEEP or active lung inflation is not recommended to prevent VAE, as their release is likely to increase the risk of paradoxical air embolism in the presence of a pulmonarysystemic shunt 24, 27 . In addition, the levels of PEEP required to increase venous pressure to levels that may reduce VAE are high (>20 mmHg), and are associated with impairment of venous return 13, 28 . The use of neck compression, however, is much more effective at preventing VAE [29] [30] [31] . A gentle neck tourniquet to increase cerebral venous pressures can be applied either during episodes of VAE, or alternatively at the request of the surgeon for short intervals at times of high risk of VAE. Its use may, however, be associated with increased brain swelling and poor operating conditions. Carotid artery pressure may result in arterial occlusion or plaque disturbance, and carotid sinus compression may cause bradycardia and hypotension. It is important to ensure that the pressure generated by the tourniquet is in the venous and not arterial range.
(c) Positioning
The patient should be more semirecumbent than sitting up. The legs should be such that the feet are close to neck level. Some centres use leg compression, but the author has not found this necessary if adequate volume loading is carried out.
Air Aspiration
Air aspiration has traditionally been used in the management of VAE. However this may not be successful in all cases for various reasons : a. The catheter tip needs to be positioned correctly at the superior vena cava-right atrial junction, where the air tends to accumulate. The best way to do this is by ECG, where the catheter is used as one of the leads 32 . An X-ray picture to confirm placement may be inadequate as the tip position changes with changes of patient position 33 , and changes in cardiac output and ventilation may cause movement of the catheter. b. Single orifice catheters are inadequate for air aspi-ration. Multi-orifice catheters, on the other hand, are much more effective 34 . c. The type of VAE; if instead of having an actual air collection, there is a shower of air passing through the right artrium, then aspiration is not very effective. In dogs, for example, it has been shown that aspiration flow rates of 212 ml/kg/minute are required for 75% air retrieval 35 . Therefore, aspiration of air in that situation is not a practical proposition. The question of whether an aspirating catheter should be used routinely for sitting position neurosurgery has never been resolved. The debate was the subject of an editorial in 1981 36 , and opinion is still divided. Because of the poor result of this manoeuvre, air aspiration is not part of the author's routine management. Good monitoring for VAE means that air aspiration is seldom required. Since the introduction of TOE as a monitor, it is now recognised that a greater proportion of VAEs are small, and the diagnosis is made earlier.
MANAGEMENT OF VENOUS AIR EMBOLISM
This is summarised in table 4.
CATASTROPHIC VENOUS AIR EMBOLISM Today, with adequate monitoring and careful management of sitting position neurosurgery, major VAE leading to cardiac arrest should not occur. It is important that warning signs such as repeated smaller VAEs with no obvious entry points, or unexplained changes in heart rate and blood pressure be heeded. Abandoning the sitting position should be done in a controlled, elective fashion, and should not be regarded as a failure of management. Catastrophic gas embolism is more likely to be encountered in other clinical settings such as during laparoscopy. The management of severe gas embolism in this situation includes resuscitation with volume administration and vasopressors, ventilation with 100% oxygen, and the treatment of other complications such as arrhythmias or cardiac arrest as they occur. The diagnosis must be made early, and the source of the gas embolism stopped. If possible, the patient should be placed in the left lateral Trendenlenburg position, and surgery halted or abandoned. If a similar scenario occurs during sitting position surgery, the situation is more complex, and the anaesthetist and the surgeon must respond appropriately. Returning to the supine position takes time but is required for resuscitation. If a cerebral insult has occurred, consideration must be given to hyperbaric therapy if available 7 .
OTHER COMPLICATIONS Although VAE is usually the prime concern during sitting position neurosurgery, the anaesthetist needs to be aware of other potential complications. These include:
(1) Hypotension and Reduced Cerebral Perfusion Pressure Hypotension and reduced cerebral perfusion pressure can occur as the patient is sat up but are usually prevented by adequate volume loading. Vasopressors may be used in the short term, but the need to use them repeatedly despite adequate volume loading suggests inherent patient cardiovascular instability. In that situation abandonment of the sitting position may be the safest option. The question of what cerebral perfusion pressure is adequate in the sitting position has not been resolved. It appears that cerebral blood flow is maintained despite low arterial blood pressure at head level. This may be because the negative venous pressure creates a syphoning effect. The author's approach to blood pressure management is to place the transducers at heart level, and to maintain systolic blood pressure levels that would be considered satisfactory for the patient independent of position. Following adequate volume loading prior to sitting up, hypotension seldom occurs. (volume, vasopressor) . The surgeon will irrigate the wound and look for an entry site, with or without neck compression. VAE must be resolved before continuation of surgery. Make sure that paradoxical air embolism does not occur. If paradoxical embolism occurs, surgery must be abandoned. LARGE: Same steps as above. Surgery must be abandoned if an entry site is not found. Resuscitate as required. Postoperatively, if there has been major paradoxical air embolism, hyperbaric oxygen should be considered 7 . advantages and disadvantages. The author uses a reinforced tube. As that particular tube has a low volume stiff cuff, a larger than normal size is chosen to minimize cuff pressure. A mouth guard and the TOE probe are placed after intubation. The endotracheal tube is then strapped carefully using sturdy tape after drying of the skin with benzoin compound tincture.
Patients are extubated at the end of surgery after return to the supine position. Most patients, including those who have had small intra-operative VAE, cope well with spontaneous ventilation at the end of surgery. The same management is reasonable for most patients with small paradoxical air embolism or large VAE if they have been successfully treated. In those patients with larger paradoxical embolism, the management decision is more difficult, and prolonged ventilation and hyperbaric oxygenation may be required 7 .
(4) Pneumocephalus
Pneumocephalus is said to be more common following sitting position craniotomy than after similar surgery in other positions 37, 38 . It has also been claimed that the risk of pneumocephalus dictates that nitrous oxide should not be used 39 . In fact, the use of nitrous oxide up to the point of dural closure may be advantageous, as the gas pocket may shrink more quickly in the presence of nitrous oxide. Today, however, nitrous oxide use in neuroanaesthesia is less common, due to the availability of newer anaesthetic agents.
(5) Oral Trauma
Macroglossia and swelling of pharyngeal and oral structures have been reported with lengthy procedures in the sitting position 25 , but have also been reported with surgery in other positions. The use of the TOE probe has also been associated with laryngeal trauma 21 . Therefore TOE is not recommended for very long procedures.
(6) Quadriplegia
Unexplained quadriplegia has been reported following surgery in the sitting position 40 . Marked neck flexion and vascular obstruction may be contributing factors. A gap of at least two centimetres should always be present between the chin and the chest, and head rotation should be minimized.
ANAESTHETIC AGENTS
Many anaesthetic agents and techniques have been used for neurosurgery in the sitting position. The choice is probably not critical, provided the general aims of neurosurgical anaesthesia are achieved, i.e. a quiet operating field, lowered intracranial pressure, adequate cerebral perfusion, and low ventilation pressures. However there are still some areas of controversy:
Nitrous Oxide
In general, the use of nitrous oxide in the presence of air bubbles in the circulation is contraindicated, because of the risk of increased bubble size. Most anaesthetists therefore avoid using nitrous oxide during sitting position neurosurgery because of the possibility of VAE. Some are prepared to use nitrous oxide until or unless a significant VAE occurs, when they switch to 100% oxygen. Losasso et al 41 found that the use of 50% nitrous oxide prior to VAE did not alter the incidence or severity of VAE. Currently there seems to be no good reason to use nitrous oxide, as many more suitable anaesthetic agents are available.
Neuromuscular Blockade
Neuromuscular blockade and the use of positive pressure ventilation, rather than spontaneous ventilation, has for long been the mainstay of sitting position anaesthesia, and indeed most neuroanaesthesia. However, the advent of remifentanil has caused a change in practice, because it is such a powerful respiratory depressant that the maintenance of muscle relaxation is often not required.
The most common anaesthetic technique now used for the sitting position is remifentanil infusion with either propofol infusion or desflurane administration. An air-oxygen mixture is used for ventilation. Muscle relaxation is required only for endotracheal intubation. Positive pressure hyperventilation is maintained, but usually at P a CO 2 levels slightly greater (about 35 mmHg) than during neurosurgery in other positions. This is because intracranial pressure is usually less in the sitting position. Antiemetics are useful, as postoperative nausea and vomiting are common. This reflects the operating site rather than the patient position.
CONCLUSION
A clear understanding of the many implications of sitting position neurosurgery is required so that preventative strategies can be set into action. These strategies should result in increased safety for the patient, and a less stressful experience for the surgeon and anaesthetist.
